Aquaporin-4 (AQP4) water channel-specific IgG distinguishes neuromyelitis optica (NMO) from multiple sclerosis and causes characteristic immunopathology in which central nervous system (CNS) demyelination is secondary. Early events initiating the pathophysiological outcomes of IgG binding to astrocytic AQP4 are poorly understood. CNS lesions reflect events documented in vitro following IgG interaction with AQP4: AQP4 internalization, attenuated glutamate uptake, intramyelinic edema, interleukin-6 release, complement activation, inflammatory cell recruitment, and demyelination. Here, we demonstrate that AQP4 internalization requires AQP4-bound IgG to engage an astrocytic Fcγ receptor (FcγR). IgG-lacking Fc redistributes AQP4 within the plasma membrane and induces interleukin-6 release. However, AQP4 endocytosis requires an activating FcγR's gamma subunit and involves astrocytic membrane loss of an inhibitory FcγR, CD32B. Interaction of the IgG-AQP4 complex with FcγRs triggers coendocytosis of the excitatory amino acid transporter 2 (EAAT2). Requirement of FcγR engagement for internalization of two astrocytic membrane proteins critical to CNS homeostasis identifies a complement-independent, upstream target for potential early therapeutic intervention in NMO.
Aquaporin-4 (AQP4) water channel-specific IgG distinguishes neuromyelitis optica (NMO) from multiple sclerosis and causes characteristic immunopathology in which central nervous system (CNS) demyelination is secondary. Early events initiating the pathophysiological outcomes of IgG binding to astrocytic AQP4 are poorly understood. CNS lesions reflect events documented in vitro following IgG interaction with AQP4: AQP4 internalization, attenuated glutamate uptake, intramyelinic edema, interleukin-6 release, complement activation, inflammatory cell recruitment, and demyelination. Here, we demonstrate that AQP4 internalization requires AQP4-bound IgG to engage an astrocytic Fcγ receptor (FcγR). IgG-lacking Fc redistributes AQP4 within the plasma membrane and induces interleukin-6 release. However, AQP4 endocytosis requires an activating FcγR's gamma subunit and involves astrocytic membrane loss of an inhibitory FcγR, CD32B. Interaction of the IgG-AQP4 complex with FcγRs triggers coendocytosis of the excitatory amino acid transporter 2 (EAAT2). Requirement of FcγR engagement for internalization of two astrocytic membrane proteins critical to CNS homeostasis identifies a complement-independent, upstream target for potential early therapeutic intervention in NMO.
neuromyelitis optica | CD32 | CD64 | pathogenic IgG | autoimmune astrocytopathy N euromyelitis optica (NMO) is a relapsing inflammatory autoimmune demyelinating disease of the central nervous system (CNS), long considered a severe form of multiple sclerosis (MS). Attacks are generally more severe, onset of paralysis and blindness more rapid (1) , and standard MS therapies can worsen NMO (2, 3) . A specific serum IgG allows early distinction from MS, thus ensuring timely appropriate therapy (4, 5) .
The aquaporin-4 (AQP4) water channel is the CNS target (4). Outcomes documented in vitro after NMO-IgG binds to the AQP4 extracellular domain on astrocytes include AQP4 endocytosis and lysosomal degradation, loss of its physically linked major excitatory amino acid transporter 2 (EAAT2), reduced glutamate uptake, impaired water fluxes, granulocyte chemotaxis, and complement factor transcription, secretion, and activation (1, (6) (7) (8) (9) (10) (11) . Ensuing endothelial permeation of circulating immunoglobulins, complement components, and leukocytes magnifies the initial inflammatory response (6) (7) (8) (9) (10) (11) (12) . Immunopathological analyses of NMO patients' CNS tissues attest to these events occurring in vivo and inform lesional evolution at the target astrocyte level (1) . The blood-brain barrier (BBB) does not absolutely restrict IgG entry into the CNS, but it does exclude macromolecular C1q, essential for activating the classical complement cascade.
Experimental studies of lesional events in vitro and in animal models of NMO have emphasized complement-mediated inflammation and astrocyte cytolysis, late events associated with extensive BBB disruption. A neglected potential initiator of NMO pathophysiology is the AQP4-IgG-activated astrocyte's response: synthesis and secretion of complement, cytokines, chemokines (12) (13) (14) , and inflammatory mediators attracting NMO-characteristic granulocytes. Focally enhanced BBB permeability (7, 12) plausibly accounts for initially reversible early NMO symptoms and MRI abnormalities. Early lesions contain viable, phenotypically activated astrocytes lacking AQP4 and EAAT2 (6, 15) , with myelin intact but focally edematous (9) .
Here, we report that internalization of AQP4 and its linked EAAT2 glutamate transporter requires AQP4-specific IgG to engage both AQP4 and an astrocytic Fc gamma receptor (FcγR). We additionally show that AQP4 clustering and initiation of astrocytic IL-6 release by IgG are independent of Fc receptor signaling. Delineation of these pathways may identify upstream targets for selective therapeutic attenuation of NMO evolution.
Results

AQP4
Internalization by NMO-IgG Is Fc-Dependent. We previously demonstrated that NMO-IgG binding to AQP4 in live cells causes membrane AQP4 to relocate to the endolysosomal path (6, 9, 10) . To separate early events from downstream Fc-dependent events, we investigated F(ab′) 2 prepared from NMO patients and healthy subjects. Like serum and IgG, NMO-F(ab′) 2 bound at 4°C to live astrocytes (Fig. 1A) . Western blot revealed that plasma membrane AQP4 was reduced more than fivefold in astrocytes exposed, at 37°C, to NMO serum or IgG, or an AQP4 extracellular domain-specific mouse monoclonal IgG (mECD), by comparison with membranes exposed to control serum, IgG or an AQP4
Significance
Neuromyelitis optica (NMO) is a severe inflammatory central nervous system demyelinating disease (IDD). Detection of NMOspecific IgG in serum distinguishes NMO from other IDDs, enables rapid diagnosis, and expedites NMO-appropriate therapy. Binding of NMO-IgG to aquaporin-4 (AQP4), the astrocytic water channel antigen, initiates endocytosis of AQP4 and its coupled EAAT2 glutamate transporter. Sequelae potentially contributing to NMO lesions include reduced water fluxes, reduced extracellular glutamate clearance, activation of a proinflammatory astrocyte response, and complement activation. Our paper investigates early events following IgG-AQP4 interaction and demonstrates that AQP4 and EAAT2 internalization, but not astrocytic secretion of IL-6, requires astrocytic Fc receptor signaling. Selective attenuation of these signaling events offers an upstream therapeutic target. cytoplasmic C-terminal-specific mAb IgG (mCCD) (Fig. 1B) . NMO-F(ab′) 2 exposure did not change the membrane AQP4 content (Fig. 1B) , suggesting that the Fc domain is necessary to trigger AQP4 removal. We therefore examined astrocytes exposed to NMO serum, IgG, or F(ab′) 2 at 37°C. All three preparations redistributed AQP4 into membrane puncta (Fig. 1C) . NMO serum and IgG reduced AQP4 compared with control serum and IgG ( Fig. 1 C-E) . Similar to NMO-IgG, mECD induced AQP4 clustering and internalization (Fig. 1C) ; mCCD did not redistribute AQP4 (Fig. 1C) . NMO-F(ab′) 2 induced puncta formation but did not reduce AQP4 staining intensity ( Fig. 1 C-E) . Thus, despite redistributing AQP4 in the membrane, NMO-F(ab′) 2 did not cause internalization.
Dual AQP4 and early endosome antigen 1 (EEA1) staining confirmed that AQP4 cross-linked by NMO-F(ab′) 2 does not enter the endolysosomal pathway. AQP4 and EEA1 colocalization was observed after exposure to NMO serum or IgG ( Fig. 2A ; arrows), but not NMO-F(ab′) 2 or control products (n > 100; Fig. 2A) . A lysosome-associated membrane glycoprotein 1 (LAMP-1) probe verified that NMO-IgG-induced AQP4-EEA1 clusters were destined for degradation (Fig. 2B) . The results suggest AQP4 degradation requires AQP4-bound IgG to interact with an FcγR.
AQP4 Internalization by NMO-IgG Involves FcγRs. To further investigate AQP4 persistence in astrocytic membranes despite crosslinking by NMO-F(ab′) 2 (Fig. 1) , we tested IgG and F(ab′) 2 effects on astrocytes from mice lacking the gamma subunit common to activating Fcγ receptors [FcγRI, FcγRIII, and FceRI (Fcer1g
Gamma is required for the ITAM signaling response when IgG binds to the alpha subunit (16) . Membrane AQP4 distribution was unchanged in FcγRγ −/− astrocytes exposed to control serum, IgG, or F(ab′) 2 (Fig. 3A) , but NMO serum, IgG, and F(ab′) 2 induced AQP4 clusters indistinguishable from those induced on FcγR +/+ astrocytes. Both NMO serum and IgG reduced the FcγR +/+ astrocytes' AQP4 fluorescence intensity (Fig. 3B ), but neither NMO serum nor IgG reduced FcγRγ −/− astrocytes' AQP4 fluorescence intensity, despite AQP4 aggregation (Fig. 3B ). NMO-F(ab′) 2 did not reduce either FcγR +/+ or FcγRγ −/− astrocytes' AQP4 intensity (Fig. 3B) . By Western blot, AQP4 was not reduced in FcγRγ −/− astrocytes exposed to IgG or F(ab′) 2 , or mouse mAbs (Fig. 3C ). In contrast, FcγR +/+ astrocytes exposed to NMO-IgG lost more than 70% AQP4 (Fig. 3C) .
We next investigated whether interleukin-6 (IL-6) release, another known outcome of NMO-IgG binding (13, 14) , also is FcγR-dependent. IL-6 secretion did not increase from wild-type or FcγRγ −/− astrocytes exposed to control serum, IgG, or F(ab′) 2 , but both released IL-6 after 4 h exposure to NMO serum, IgG, or F (ab′) 2 (Fig. 3D) . The IL-6 concentration increased further after 6 and 8 h. Wild-type and FcγRγ −/− astrocytes released similar amounts of IL-6 after exposure to NMO serum, IgG, or F(ab′) 2 . We conclude that IL-6 secretion induced by NMO-IgG does not require AQP4 internalization, the NMO-IgG Fc domain, or an FcγR gamma subunit.
Microglia Not Required for NMO-IgG To Initiate AQP4 Redistribution or Degradation. Primary glial cultures express FcγRs on astrocytes (∼95% of cells) and microglia (<5%) (17) (18) (19) (20) , but only astrocytes express AQP4. To identify the FcγR-expressing cell type initiating AQP4 translocation to the astrocytic endolysosomal path following NMO-IgG interaction, we eliminated microglia with liposomal clodronate (Clodrosome). Dual immunostaining of the microglial ionized calcium binding adaptor 1 (Iba-1) and the astrocytic cytoskeletal intermediate filament, glial fibrillary acidic protein (GFAP), confirmed microglial depletion (Fig. 4A) . AQP4 redistribution by NMO-IgG did not require microglia. In their absence, exposure to NMO serum, IgG, F(ab′) 2 , or mECD caused AQP4 redistribution (Fig. 4B) , but exposure to controlIgG and mCCD preparations did not. Western blot of astrocytic membranes confirmed that microglial depletion did not affect AQP4 loss (Fig. 4 C and D) . Because NMO-IgG-induced AQP4 degradation did not require microglial FcγR engagement, we concluded that AQP4 endocytosis and degradation involves AQP4-bound IgG interaction with an astrocytic FcγR.
Astrocytic EAAT2 Glutamate Transporter Degradation Requires FcγR
Engagement by AQP4-Complexed IgG. Extracellular glutamate clearance is a critical function of astrocytes embracing glutamatergic synapses. By removing 90% of exocytosed glutamate, EAAT2 prevents glutamate toxicity in the course of excitatory CNS neurotransmission. EAAT2 loss is a striking feature of early, nondestructive spinal gray matter lesions in autopsied NMO patients (6) . Furthermore, live astrocytes exposed in vitro to NMO-IgG transport less glutamate (6, 11, 21) because, being noncovalently linked to AQP4, EAAT2 is coendocytosed (6) . We therefore evaluated NMO-F(ab′) 2 effect on EAAT2. In contrast to NMO serum causing 50% loss of membrane EAAT2 (Fig. 4 E and F) , NMO-F(ab′) 2 did not reduce EAAT2 (Fig. 4 E and F) . We conclude that the NMO-IgG Fc domain is required for EAAT2 cointernalization with AQP4. ; NMO compared with control patient specimens; *P < 10 Fig. 5A , Inset). CD16 (activating FcγRIII) was not detected. Western blots confirmed CD64 in lysates, regardless of serum exposure (SI Results and Fig. S1 ). CD16 and CD32B were not detected, but were abundant in control spleen (Fig. S1 ). Immunoprecipitation enriched CD32B at every time point examined, regardless of serum exposure (Fig. 5B) .
We next investigated astrocytic CD32B localization in relation to AQP4. Control serum exposure (6 h) did not change CD32B or AQP4 distribution (Fig. 5C ), but NMO serum caused AQP4 and CD32B coaggregation into puncta. Exposure to mECD (but not to mCCD) also caused CD32B-AQP4 coaggregation (Fig. 5D) . Thus, we attributed the NMO serum effect on CD32B localization to AQP4-specific IgG and not to a putative CD32B-reactive IgG.
We measured membrane FcγR changes after serum or IgG incubation by interval flow cytometry, with probe IgGs: CD32B, CD64, AQP4 extracellular domain, and GFAP (fixed and permeabilized). The geometric mean AQP4-IgG fluorescence on AQP4-null astrocytes (nonspecific) was subtracted from all AQP4 values. Compared with control serum or IgG, membranes lost ∼50% AQP4 after 16 h of NMO serum or IgG exposure (Fig.  6A ). CD64 fluorescence after control or NMO serum exposure trended downward, compared with nonexposed astrocytes, but differences were not significant (Fig. 6B) , suggesting a nonspecific effect. CD32B also trended downward after serum exposure (Fig.  6C) . Compared with nonexposed astrocytes, NMO serum induced significant CD32B loss at 2 and 16 h (Fig. 6C) ; control serum reduced CD32B at 16 h (Fig. 6C) . At 2 h, CD32B loss was greater with NMO serum than control serum. The results suggest a targeted removal of CD32B from the plasma membrane by NMO serum.
To differentiate nonspecific serum or IgG effects on Fc receptors, we compared expression levels of AQP4, CD64, and CD32B on astrocytes exposed to control or NMO serum. AQP4 increased transiently after 30 min with NMO serum (Fig. 6D) , presumably reflecting surface coalescence of AQP4 cross-linked by NMO-IgG. Membrane loss of AQP4 was evident within 2 h of NMO serum exposure and was sustained at 16 h (Fig. 6D) . CD64 did not change appreciably at any time point with control or NMO serum (Fig. 6E) . CD32B was unchanged after 30 min with either serum, but was reduced significantly after 2 h with NMO serum (Fig. 6F) , and remained significantly reduced after 16 h (Fig. 6F) . Thus, partial CD32B internalization accompanies AQP4 endocytosis after IgG binds.
Internalization of both CD32B and AQP4 Requires FcγR Gamma
Subunit. Surface CD64 did not change detectably on wild-type astrocytes exposed to NMO-IgG (Fig. 6E ), but astrocytes lacking the gamma subunit (FcγRγ −/− ) failed to endocytose AQP4 (Fig. 3C) . Endocytosis of the IgG:AQP4:CD32B complex appears to require signaling through CD64. We compared AQP4, CD64, and CD32B expression on serum-exposed FcγRγ −/− astrocytes. Interval FACS analyses showed no AQP4 loss from FcγRγ −/− membranes after NMO serum exposure (Fig. 6G) . CD64 alpha subunit increased modestly after 30 min, but returned to baseline at 2 h and 16 h (Fig.  6H) . Surface CD32B on FcγRγ −/− astrocytes did not change after 2 h of exposure to NMO serum (Fig. 6I) .
We demonstrated that IgG is the NMO serum component responsible for astrocytic CD32B loss by exposing wild-type and FcγRγ −/− astrocytes for 2 h to IgG purified from control or NMO patient serum. Only NMO-IgG caused CD32B loss from wild-type astrocytes (Fig. 6J) . Neither IgG affected CD32B expression on FcγRγ −/− astrocytes (Fig. 6J) , despite CD64 alpha subunit presence (Fig. 6K ). Our results demonstrate that NMO-IgG-AQP4 interaction causes endocytosis of AQP4 and CD32B and that this outcome involves an astrocytic FcγR gamma subunit. Leukocyte studies demonstrated that IgG cross-linking of FcγRs is followed by CD32B phosphorylation and subsequent endocytosis (22) . We analyzed the phosphorylation state of CD32B immunoprecipitated from lysates of serum-exposed astrocytes by probing duplicate Western blots for CD32B and phosphorylated CD32B (pCD32B). By comparison with cells exposed to control serum, pCD32B approximately doubled after 2 min of exposure to NMO serum ( Fig. 7 A and B) or IgG (Fig. 7 C and D) , and was greatest at 10 min. As observed on nontreated astrocytes (Fig. 5C) , total CD32B was low on astrocytes exposed to control or NMO-F(ab′) 2 for 2-10 min (Fig. 7E) . Our results show that after NMO-IgG binds to AQP4, endocytosis is preceded by an increase and phosphorylation of membrane CD32B.
Discussion
Investigation of central nervous system FcγRs has been limited to date. Our observations assign a role to astrocytic FcγRs, by identifying their signaling as an upstream event in NMO pathogenesis. Astrocytic FcγR involvement in autoantibody-initiated internalization of both AQP4 and EAAT2 is unprecedented. Our further demonstration that astrocytes exposed to NMO-F(ab′) 2 release IL-6, without internalizing AQP4, is consistent with the documented proinflammatory response stimulated in astrocytes as an outcome of AQP4 clustering: secretion of complement components, chemokines, and cytokines (13, 14) . IL-6 is a critical mediator of CNS inflammation in NMO (23, 24) , as evidenced by the therapeutic benefit of monoclonal IgG blockade of IL-6 (25) . Ex vivo, IL-6 released by astrocytes exposed to NMO-IgG reduced CNS capillary endothelial barrier function, increased CCL2 and CXCL8 production, and promoted leukocyte transmigration under flow conditions; these effects were neutralized by IL-6-specific IgG (12) . Transient removal of the CD32B inhibitory receptor from astrocyte surfaces in the course of NMO-IgG-induced FcγR signaling might enhance IL-6 release. Selective CD32B blockade in human monocytes triggers release of IL-6 and other cytokines and chemokines (26) .
Investigation of these events in an animal model is beyond the scope of our study. Most NMO models reported to date recapitulate late complement-mediated, tissue destructive events and require CNS lesioning to allow access of circulating AQP4-specific IgG and complement. A newly described rat model, induced by chronic intrathecal AQP4-IgG infusion (27) , recapitulates early events, including reversible motor paresis, NMO-typical MRI lesions, loss of both AQP4 and EAAT2, and preserved myelin and astrocyte integrity. Our study investigates signaling events initiated within minutes of NMO-IgG binding to AQP4.
Many FcγR functions documented in immunocytes require recruitment of additional Fc-binding molecules by IgG bound via its . (E) Western analysis of mouse astrocyte membranes exposed to control or NMO serum, or F(ab′) 2 . Blots probed for EAAT2, AQP4, and actin. (F) Quantitation of autoradiograms (three independent experiments); *P < 10 −5 (AQP4) and P < 0.008 (EAAT2). ns, not significant. hinge region to FcγR (28, 29) . For example, signaling events initiated by antigen-bound IgG interacting with Fc-binding molecules on monocytes and macrophages trigger internalization of the FcγR-IgG-antigen complex and FcγR recycling back to the leukocyte surface (30, 31) . Astrocytic and microglial FcγRs have been implicated in CNS disorders beyond adaptive immune functions (18) (19) (20) . Innate inflammatory events accompanying neurodegeneration are presumed activated in part via FcγR interaction with non-Ig ligands (32) . The FcγR-dependent AQP4 internalization we observed in cultures lacking microglia is most readily explained by cis interaction between AQP4-bound NMO-IgG Fc and astrocytic FcγRs. We propose a model (Fig. 7F ) in which ITAM-dependent signaling through the activating CD64 FcγR gamma subunit initiates AQP4 endocytosis after NMO-IgG binds. Initial CD64 engagement by IgG is a prerequisite for inhibitory FcγR signaling through CD32B (33, 34) . CD32B was not phosphorylated when NMO-IgG bound to AQP4 in astrocytes lacking the CD64 gamma subunit. The alpha subunit to which IgG binds is retained in FcγRγ −/− astrocytes (35), but does not suffice to trigger endocytosis of AQP4 tetramers cross-linked by NMO-IgG. Endocytosis of both CD32B and AQP4 from the astrocyte membrane requires the gamma subunit. We suggest that the activating signal (Fig. 7F,  a) triggers CD32B recruitment and phosphorylation of its ITIM domain (Fig. 7F, b) , presumably by the same kinase that phosphorylates the gamma subunit's ITAM domain (36) . Phosphatases recruited by pCD32B would arrest the signaling cascade initiated by NMO-IgG Fc engaging the CD64 FcγR. After the AQP4:IgG: CD32B immune complex is internalized, AQP4 translocates to the endolysomal pathway for degradation and CD32B is recycled to the astrocytic surface (Fig. 7F, c) .
CD64 is known to regulate CD32B activation in leukocytes (37) . Our study implicates CD64 in regulating a neural protein's surface expression. The data support CD32B being endocytosed with AQP4 and IgG because of its recruitment into a multimolecular immune complex: AQP4:IgG:CD32B. Identification of the signaling pathways through which FcγRs mediate internalization of AQP4 and EAAT2 may reveal new candidate targets for therapeutic prevention or amelioration of NMO relapses.
Materials and Methods
Animal experiments were Mayo Clinic Institutional Animal Care and Use Committee (IACUC)-approved and complied with NIH guidelines. Deidentified NMO patient sera were obtained from the Neuroimmunology Laboratory, Mayo Clinic [approved by the Institutional Review Board (IRB) Biospecimens Subcommittee]. Experimental details [astrocyte cultures (38) , antibody sources and specificities, IgG and Fab preparation, immunostaining, ). AQP4 in wild-type membranes increased transiently after exposure 30 min to NMO serum (relative to control; *P = 0.045); >40% was lost after 2 and 16 h (D; *P = 0.011). AQP4 in FcγRγ −/− astrocytes did not change significantly (G). CD64 alpha subunit did not differ significantly in wild-type or FcγRγ −/− astrocytes (E and H). CD32B in wild-type membranes was reduced after 2 h NMO serum exposure (F; ***P < 0.001), remained low at 16 h (*P < 0.05), but was not reduced in FcγRγ −/− astrocytes (I). (J) CD32B on wild-type astrocytes also was reduced (but not on FcγRγ −/− astrocytes) at 2 h with NMOIgG (*P < 0.05, ***P < 0.001; compared with nonexposed or control-IgGexposed cells 2 , enhanced CD32B expression. The ratio of pCD32B relative to total CD32B in astrocytes exposed to NMO serum or NMO-IgG compared with astrocytes exposed to control serum or control-IgG [B; *P = 0.01 (2 min 
